Chronic sleep deprivation perturbs the circadian clock and increases susceptibility to diseases such as diabetes, obesity, and cancer. Increased inflammation is one of the common underlying mechanisms of these diseases, thus raising a hypothesis that circadianoscillator components may regulate immune response. Here we show that absence of the core clock component protein cryptochrome (CRY) leads to constitutive elevation of proinflammatory cytokines in a cell-autonomous manner. We observed a constitutive NF-κB and protein kinase A (PKA) signaling activation in Cry1
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−/− cells is due to increased PKA signaling activity, likely induced by a significantly high basal level of cAMP, which we detected in these cells. In addition, we report that CRY1 binds to adenylyl cyclase and limits cAMP production. Based on these data, we propose that absence of CRY protein(s) might release its (their) inhibition on cAMP production, resulting in elevated cAMP and increased PKA activation, subsequently leading to NF-κB activation through phosphorylation of p65 at S276. These results offer a mechanistic framework for understanding the link between circadian rhythm disruption and increased susceptibility to chronic inflammatory diseases.
biological clock | immune system I n response to the rotation of the earth, many of the mammalian physiological processes such as sleep-wake cycle and feeding pattern undergo an ∼24-h oscillation referred as the circadian clock. Circadian oscillation helps organisms anticipate and adapt to predictable daily changes in the environment. The hypothalamic suprachiasmatic nucleus (SCN) functions as a master circadian oscillator, which controls behaviors. At molecular level, the circadian oscillator is based on a cell-autonomous transcription-translation feedback loop, in which transcriptional activators circadian locomotor output cycles kaput (CLOCK)/brain and muscle aryl hydrocarbon receptor nuclear translocator (ARNT)-like (BMAL)1 activate the expression of Cryptochrome (Cry) and Period (Per), in turn their protein products repress BMAL1 and CLOCK activity, thus producing Cry and Per expression rhythms (1, 2) . Reverse orientation c-erb (REV-ERB)s and RAR-related orphan receptor (ROR)s also participate in the rhythmic transcriptional activity of the molecular oscillator (3) . Molecular components of the circadian clock network are conserved in the SCN and also in peripheral cells. The oscillator uses direct and indirect mechanisms to impose rhythms and regulate several physiological processes, such as rest-activity cycle, endocrine system, and metabolism (4).
Sleep loss or chronic sleep deprivation disrupts the circadian rhythm. It has been reported that people exposed to constant circadian disruption, such as shift-workers, show increased incidence of chronic diseases such as diabetes, obesity, and also cancer (5-7). Chronic inflammation is one of the important pathogenic features of these diseases, which prompted us to hypothesize that circadian clock components may play a role in the regulation of inflammation. Moreover, recent evidence demonstrated that major players in immune function, such as spleen, lymph node, and macrophage and natural killer (NK) cells, contain a cell-autonomous circadian clock (8) (9) (10) . Moreover, secretion of cytokines, TNF-α and IL-6 has been reported to display circadian oscillation in macrophages, where ∼8% of transcriptome is under circadian regulation (10) . Clinical evidence and sleep-loss studies have identified physiological connections between the circadian clock and immune system (11, 12) . A molecular understanding of the mechanism of clock modulation of immune function, however, remains unclear.
In this study, we found that lack of a functional clock system due to absence of the core clock component cryptochrome (CRY) leads to elevated proinflammatory cytokine activation mediated through the NF-κB signaling pathway. We also found that absence of CRY proteins leads to constitutive activation of PKA, which results in phosphorylation of p65 at S276, which ultimately lead to increased NF-κB activation and expression of proinflammatory cytokines. Our results provide a possible molecular link between the arrhythmic clock system and increased inflammatory response.
Results
Absence of Cryptochrome Proteins Constitutively Activates the Proinflammatory Cytokine Expression. To gain insight into the role of circadian clock components on the immune function, we measured expression of inflammatory mediators in the hypothalamus of Cry1 and Cry2 double knockout (Cry1
) mice, which show arrhythmic behavior due to lack of a functional clock system (13, 14) . Significant increase in expression of IL-6, TNF-α, and iNOS was observed in Cry1 −/− ;Cry2 −/− mice relative to WT mice (Fig. 1A) . We next tested whether the increased expression is cell-autonomous or systemic result of oscillator dysfunction. Fibroblasts possess a cell-autonomous and self-sustained circadian clock system (15, 16) that recapitulates key features of whole organism's circadian function. Cry1 −/− ;Cry2 −/− fibroblasts, which lack circadian oscillation (17), exhibited significantly increased expression of IL-6, TNF-α, and iNOS (Fig. 1B) and other genes involved in inflammation (Fig. S1A ), thus exhibiting cellautonomous roles of CRY proteins in regulation of key cytokines. Compared with Cry1 −/− or Cry2 −/− single knockout fibroblasts, cytokine expression showed a synergistic increase in double knockout Cry1
−/− fibroblasts (Fig. S1B ). IL-6 protein was detectable only in Cry-deficient fibroblasts, but not in other clock mutants that lack either Per1 or Per2 or Bmal1 (Fig.  1C ). These results demonstrate that lack of CRY constitutively activates the proinflammatory cytokines, such as IL-6, TNF-α, and other inflammatory molecules, indicating a potential role for CRY proteins in regulation of inflammatory cytokine expression.
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Because IL-6 is inducible with TNF-α, we next asked if the high expression of IL-6 observed in Cry1 −/− ;Cry2 −/− cells can be further induced by TNF-α. Both WT and Cry1 −/− ;Cry2 −/− cells showed ∼8-to 10-fold increase of IL-6 expression following TNF-α induction (Fig. S1C) , suggesting that both cells are responsive for an inflammatory stimuli.
Innate Immune System Gets Hypersensitive in the Absence of CRY.
Macrophages play a critical role in secretion of most inflammatory cytokines upon immune response. It has recently been shown that the expression of cytokines in macrophages is circadian clock-gated (10) . Therefore, we next analyzed bone marrow-derived macrophages (BMDM) from WT and Cry1 −/− ; Cry2 −/− mice for expression of immune mediators. BMDM from Cry1 −/− ;Cry2 −/− mice showed a marked increase in expression of inflammatory cytokines such as IL-6, Cxcl1, and iNOS, compared with WT cells (Fig. 1D) . Analysis of proinflammatory cytokines TNF-α and IL-6 by ELISA in the cell supernatants did not show any significant difference between WT and Cry1 (Fig. 1E) 
;Cry2
−/− BMDM cells compared with WT (Fig. 1E ), which suggests that Cry-deficient macrophages are hypersensitive to immune response.
To determine the contribution of the hematopoietic cells from WT and Cry1 −/− ;Cry2 −/− mice in vivo in systemic cytokine production during inflammatory response, we performed bone marrow transplantation (BMT) experiments. Bone marrow from either WT or Cry1 −/− ;Cry2 −/− mice were transplanted and reconstituted into lethally irradiated recipient mice (B6.129S4-Il2rgtm1Wjl/J; Jackson Lab), which lack T, B, and NK cells and the macrophages in blood and spleen. Transplanted mice were allowed to repopulate for 8 wk and then the blood lymphocytes of these mice were analyzed by FACS for repopulation efficiency. FACS analysis showed that nearly 95% of lymphocytes in the transplanted mice were derived from donor mice, and in particular almost 100% of macrophages were derived from donor cells in transplanted mice ( 
Cry2
WT and the 2-h serum samples collected from these mice were analyzed for TNF-α and IL-6 protein levels by ELISA. Data are mean ± SEM (n = 3 mice per group for LPS injection and n = 1 for PBS injection).
were efficiently repopulated in both WT and Cry1 −/− ;Cry2 −/− bone marrow-transplanted mice (Fig. S2 A-D) . Eight weeks after transplantation, mice transplanted with either WT (BMT-WT) or Cry1 −/− ;Cry2 −/− (BMT-KO) bone marrow were injected with PBS or LPS and serum samples of TNF-α and IL-6 protein were measured 2 h later. LPS-injected BMT-KO mice showed a significantly high level of both TNF-α and IL-6 (Fig. 2B ) in their serum relative to LPS-injected BMT-WT mice. These results clearly indicate that absence of CRY proteins potentiates the immune system and significantly elevates secretion of proinflammatory cytokines in a physiological system upon LPS challenge.
NF-κB Signaling Pathway Is Constantly Activated in Cry1
−/− ;Cry2 −/− Cells. Next, we sought to identify the signaling pathway that is responsible for constitutive cytokine activation in Cry1
cells. Although CRY proteins are known to inhibit the transcription from CLOCK/BMAL1 target genes, IL-6 promoter is not known to be a CLOCK/BMAL1 target (18) . Because NF-κB signaling is one of the major regulators and integrators of the inflammatory response in mammals (19, 20) , we tested whether blocking of NF-κB signaling can suppress the constitutive IL-6 activation in Cry1
−/− cells. In canonical NF-κB signaling, inducers such as TNF-α or LPS trigger inhibitor of nuclear factor-κB (IκB) kinase 2 (IKK2) activation, leading to phosphorylation, ubiquitination, and proteasomal degradation of IκBα, allowing the transport of NF-κB into the nucleus to activate its target genes (21) . Cry1 −/− ;Cry2 −/− cells were infected with either lentiviral GFP or lentiviral-GFP-tagged IκBα superrepressor (IκBαM), which is a nondegradable form of IκBα. Expression of a dominant negative form of IκBα, IκBαM led to significant reduction of IL-6 expression in Cry1 −/− ;Cry2 −/− cells (Fig. 3A) , which suggests that constitutive activation of the NF-κB signaling pathway likely underlies constitutive IL-6 activation in Cry1 
;Cry2
−/− cells, which is substantially reduced by inhibition of IKK2 with MLN120B (Fig. 3C ). This result is further supported by the high level of phosphorylated and active IKK2 in Cry1
−/− cells compared with WT cells (Fig. 3D) . Because increased IκBα degradation will lead to increased entry of p65 into the nucleus (21), we compared the nuclear p65 levels in WT and Cry1 
−/− cells, which is significantly reduced by inhibition of IKK2 with MLN120B (Fig. 3E) .
Upon entering into the nucleus, transcription factor p65 binds to NF-κB binding sites to activate its target genes (21) . We therefore analyzed the p65 binding activity in the nuclear lysates assessed by affinity to oligonucleotides containing a consensus NF-κB binding sequence. This assay showed a good functional efficiency and specificity for p65 binding in fibroblasts (Fig. S3) . We observed a marked increase in p65-binding activity in Cry1
−/− fibroblasts compared with WT cells, and this increased activity is dramatically reduced upon addition of competitor oligonucleotides (Fig. 3F) . It has been reported that p65 is phosphorylated at S276 residue for its subsequent acetylation and increase of its transcriptional activity (23) . We found a significant elevation of phospho-p65 at S276 in Cry1 −/−
−/− cells compared with WT cells (Fig. 3G) . Moreover, expression of a mutant form of p65 (p65 S276A) significantly suppressed IL-6 activation in Cry1 −/− ;Cry2 −/− cells (Fig. 3H) . Together, these results suggest that the increased phosphorylation of both IκBα and p65 at S276 may play an important role in the constitutive activation of IL-6 transcription in Cry1 −/− ;Cry2 −/− cells.
PKA Signaling Activity Is Constitutive in Cry1
−/− ;Cry2
−/− Cells. Protein kinase A (PKA) is involved in the phosphorylation of p65 at S276 (24) . Owing to the significantly elevated phosphorylation level of p65 at S276 (Fig. 3G) , we speculated that PKA signaling activity may also be high in Cry1 −/− ;Cry2 −/− cells. We assessed the phosphorylation status of a known substrate of PKA, vasodialator-stimulated phosphoprotein (VASP) (25) and detected its increased phosphorylation in Cry1 −/− ;Cry2 −/− cells (Fig. 4A) . We also observed a near complete suppression of VASP phosphorylation in Cry1 (Fig. 4C) , which acts as a dominant negative protein by blocking the dissociation of regulatory subunit of PKA from its catalytic subunit (26) . Inhibition of PKA signaling also resulted in a marked reduction in phospho-p65 at S276 in Cry1 −/− ;Cry2 −/− cells (Fig. 4D) . A nuclear protein, A-kinase-interacting protein 1 (AKIP1), binds both to PKA (27) and p65 (28) . This interaction has been suggested to enhance PKA-mediated transcriptional activity of p65 by promoting its nuclear retention and phosphorylation at S276, which potentially increases recruitment of transcriptional coactivators such as p300 to p65 (28) . Given the constitutive activation of NF-κB and PKA signaling in Cry1 −/− ;Cry2 −/− cells (Figs. 3 and 4 A-D) , we tested whether knockdown of AKIP1 can suppress the constitutive activation of IL-6 in Cry1
−/− cells ( Fig. 4E and Fig. S4 ). Thus, our data supports the notion that NF-κB activation through PKA contributes to the constitutive activation of IL-6 in Cry1 −/− ; Cry2 −/− cells. Rise in intracellular levels of cAMP leads to PKA activation (29) . We compared cAMP concentration in WT and Cry1 −/− ; Cry2 −/− cells before and following induction with forskolin, which triggers cAMP production by activating adenylyl cyclase (30) . WT and Cry1 −/− ;Cry2 −/− cells were first incubated with 3-Isobutyl-1-methylxanthine (IBMX) (500 μM), an inhibitor of phosphodiesterase, for 30 min, followed by addition of forskolin (10 μM) for 30 min, and cAMP levels were quantified. As anticipated, cAMP levels are elevated in WT and Cry1 −/− ;Cry2
−/− cells upon forskolin treatment (Fig. 4F) . However, surprisingly, we observed substantially high levels of cAMP even in uninduced state (control and DMSO treated) of Cry1 −/− ;Cry2 −/− cells compared with WT cells, suggesting that the increase in PKA signaling activation in Cry1
−/− cells is most likely due to high cAMP concentration at the basal level. 
CRY1 Expression Limits cAMP Production Likely by Binding to and
Inhibiting the Function of Adenylyl Cyclase. On the basis of above results, we hypothesized that CRY regulates the intracellular cAMP levels to regulate NF-κB pathway. We addressed whether overexpression of CRY1 protein can suppress the cAMP production induced by either forskolin, prostaglandin E2 (PGE2), or isoproterenol (each 10 μM). Stimulation with forskolin directly activates adenylyl cyclase (30) ; whereas, induction with PGE2 and isoproterenol activates their cognate Gαs-coupled receptors, which ultimately activate adenylyl cyclase leading to transient increase in intracellular cAMP (31, 32) . Dynamic changes in the intracellular cAMP levels were measured by a cAMP-sensitive luciferase reporter system (GloSensor cAMP assay; Promega) expressed in 293T cells. Overexpression of CRY1 resulted in a significant reduction in cAMP production induced by forskolin, PGE2, and also by isoproterenol (Fig. 5 A-C) . Because we observed a substantial suppression in cAMP production induced by all three stimuli tested, we hypothesize that CRY1 may acts on adenylyl cyclase to block its function, thereby suppressing cAMP production. To test this proposal, lysates of 293T cells overexpressing Flag-tagged CRY1 or GFP were analyzed by immunoprecipitation (IP). In 293T cell lysates, expressing Flag-CRY1 when adenylyl cyclase was immunoprecipitated with an antibody against adenylyl cyclase III (AC III), we detected Flag-CRY1 by immune blot (Fig. 5D ). These results indicate that CRY1 bind to adenylyl cyclase to block its function and suppress the cAMP production.
Discussion
In summary, results presented here indicate that both PKA and IKK2-IκBα-dependent phosphorylation of NF-κB contributes to increased activation of inflammatory cytokines, for example IL-6, in Cry1
;Cry2 −/− fibroblasts. Here, we propose that circadian clock modulates NF-κB activity via CRY-mediated control of PKA activity. Circadian clock-controlled expression of CRY proteins regulate the production of cAMP, which in turn contributes to the observed circadian rhythms in cytosolic cAMP, which is a necessary component to core clock function in SCN neurons and in peripheral cell types (33) . We presume that temporally gated oscillations of cAMP levels (33) and resultant PKA activity temporally modulates the basal activation state of the NF-κB pathway and may explain the well-described circadian rhythms in immune responses in mammals (34) . Our data support the hypothesis that when CRY proteins are present they bind to adenylyl cyclase (Fig. 5D ) and downregulate cAMP production ( Fig. 5 A-C) . In the absence of CRY, inhibition on adenylyl cyclase is relieved, which subsequently leads to increased cAMP production (Fig. 4F ) and PKA activation (Fig. 4A ) that cause increased phosphorylation of p65 at S276 (Fig. 4D) , ultimately resulting in activation of its target genes such as IL-6 (Fig. 5E) .
We observed increased activation of TNF-α in Cry1 −/− ;Cry2 
;Cry2
−/− fibroblasts (Fig. 3D) . We put forward that the most likely initiator of phosphorylation and activation of IKK2 signaling complex in Cry1 −/− ;Cry2 −/− cells is the increased activation of TNF-α (a well-known activator of IKK2 complex), which has been observed in these cells. This activated IKK2 complex subsequently leads to phosphorylation (Fig. 3C ) and degradation of IκBα, which in turn cause increased p65 accumulation into the nucleus (Fig. 3E ) and high level of DNA binding activity (Fig. 3F) , ultimately resulting in increased expression of NF-κB target genes such as IL-6. Phosphorylation and degradation of IκBα is a critical step required to release p65 and PKA from IκBα, which allows PKA to phosphorylate p65 (36) and enter into nucleus, which is why overexpression of superrepressor mutant form of IκBα (IκBαM) dramatically suppressed up to 80% of IL-6 expression in Cry1 −/− ;Cry2
fibroblasts (Fig. 3A) . Recent reports have demonstrated the role of CRY in regulation of metabolism and immune function. CRY proteins are known to regulate glucose homeostasis by at least two different mechanisms. They bind to and repress glucocorticoid receptors (37) , which regulate transcription of gluconeogenic genes. CRY proteins also bind to and inhibit G α s function, thereby attenuating GPCR-activation-dependent increase in intracellular cAMP (38) . However, we detected CRY1 in complex with adenylyl cyclase (Fig. 5D) , and overexpression of CRY1 reduced cAMP production in response to PGE2, isoproterenol, and even the direct adenylyl cyclase activator, forskolin (30) (Fig. 5A) . These results clearly suggest an additional cell-autonomous role of CRY in modulating cellular response to different stimuli, which contributes to our understanding of altered immune response under circadian disruption. It has previously been shown that p53 mutant mice lacking functional CRY proteins are more susceptible to TNF-α-initiated apoptosis through NF-κB activation (39). Monje et al. had reported that depression like behavior in mice induced by constant darkness is associated with increased levels of IL-6 in plasma and hippocampus mediated through NF-κB signaling pathway (40) . Interestingly, NF-κB has been shown to play a role in metabolic adaptation both in normal and also in cancer cells by regulation of mitochondrial oxidative phosphorylation (41) , and the current finding will suggest an additional CRY-NF-κB-mediated pathway in metabolic adaptation of cancer cells.
In this study, we analyzed the inflammatory response of mammalian cells only lacking a functional circadian clock system, without any additional manipulations. Our results strongly indicate that an arrhythmic clock system, induced by the absence of CRY proteins, alone is sufficient to increase the stress levels of cells leading to constant expression of inflammatory cytokines and causing a low-grade chronic inflammatory status called metaflammation (42) and Cry-deficient cells could be a good model system to study this phenomenon. Compelling evidence has shown that low-grade constant inflammation could be the underlying cause for chronic diseases such as diabetes, obesity, and also cancer (43) (44) (45) . Moreover, people exposed to frequent circadian clock disturbances, such as night-shift workers, are increasingly susceptible to these diseases. Therefore, further understanding connection between the circadian clock, metabolism, and inflammation will help to identify therapeutic drug targets to cure diseases like metabolic syndrome and cancer.
Materials and Methods
All animal experiments were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Salk Institute. Male C57BL/6J and Cry1 −/− ;Cry2 −/− mice were used (12 wk old). TRIzol (Invitrogen) reagent was used to extract RNA from animal tissues by following the manufacturer's protocol. Immortalized fibroblasts and 293T cells were cultured in Dulbecco-modified Eagle medium (Invitrogen) supplemented with 10% (vol/vol) FBS (Atlanta Biologicals) and 1% (vol/vol) of antibiotic-antimycotic (Invitrogen). The production of lentiviruses was performed according to the protocol described elsewhere (46) . Additional details are in SI Materials and Methods.
